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FOREWORD 


The author of thie thesis is a Commender in the United States Navy 
attending the Graduate School of the University of Pitteburgh under official 
orders from the Chief of Naval Personnel. In addition to his capacity ap a 
graduate student at the University of Pitteburgh, he is also a student of the 
United States Naval Postgraduate School, Monterey, California. 

In compliance with the directives of the Superintendent, U, 5. Naval 
Postgraduate School, two copies of this thesis will be forwarded to the Naval 
Postgraduate School. 

In the event of publication of this thesis, credit must be given to the 
U. S, Naval Postgraduate School, in addition to the usual credits. 
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I. 
A. Interpretation and Frediction of Neserwoir Performance 





An analysis of the performmeo of a producing petroleun reservoir is 
the basis on which the Reservoir fngineer will make his recomendations for a 
production prograa thet will yield the optimmm economic return. ls enalysie 
will be basal upon hia lswwlodge and understanding of the effect of the 
lithology of the reservoir rock, tho characteristics of the reservoir finids 
ani the forees waieh act to expel or produce the reservoir fluids. 

One of the basle tools available to the Reservoir Ungineer is the 
moterizl balance equation developed by Schilthuis,} and sodifications thereto. 
This material balance equation of Schilthuis! is ao derived that it can account 
for any one, or any combination of the three components, of1, gas ami water, 
that occupies tha pore apace of the reservoir, With proper use of this 
equation, the perforaanes ef a reservoir can ba interpreted and predicted, 
the literature contains auch information on the use of the material belance 
equation in the analysis of reservoir performance, Sach analysis is usually 
accompanied by a series cf charts ami graphe to illustrate the performmcs of 
the reservoir, It is noted, however, that these charte and graphs deal only 
with the variation of two components, while the third component is ignored or 
considered to be constant. 

The purposge of this paper is to presert a new ami different method of 
interpreting the performance of a producing petroleum roservelr uy developing 
a noans of illustrating the variations of the three comonents similtanecualy, 
or in other words, to prosent a visual representation of the material balanee. 
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8. The Meterial Balence 


Simply stated, a material balance is baged on the premise that the 
amount originally present must equal the sum of the amount removed and the 
amount remaining. To obtain a material balance in the case of the petroleun 
reservoir, it is necessary to determine the original volume of each of the 
fluid components that cecupied the virgin reservoir void spece, measure the 
volume of each of the components that has been produced, and calculate the 
volume of each of the components remaining in the reservoir. 

The vold space in the petroleum reservoir is occupied by the three 
components, o11, ges and water, that must be accounted for in the material 
balance. The water exists as a liquid both in the reservoir and at the surface, 
and ite volume changes only a negligible amount when it decompresses from 
reservoir pressure to surface preseure. The oil in the reserveir will contain 
dissolved gas. As this oil] end diasolved gas ia produced, the gas will evolve 
ae the pressure reduces from reservoir pressure to surface pressure. The gas, 
when in the reservoir, say exist in two distinct states: as free gas under 
compression, and as gas dissolved in the o11. As the reservoir produces, the 
pres@ure on the produced fluids drops from reservoir pressure to surface pressure, 
dissolved gas comes out of solution in the produced oi] and joins any free gas 
produced. All produced gas under surface pressure oceuples ea auch larger volume 
than it occupied under reservoir pressure. In the development of the material 
balance for this paper, it 1s important that careful distinction be made between 
free gas and dissolved gas, and that the volumes of all components entering into 
this material balance be expressed in the same units and at reservoir conditions 


of pressure and temeraturs. 
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3. 


The fluids in the reservoir are producec or expelled from the reservoir 
by one or a conbination of three driving mechanisns: water drive, dissolved 
gas or depletion drive, ant expanding gas-cap or segregation crive. in all 
three mechaniess the driving force acts when there is a pressure differential 
within the reservoir. 

Water drive occura when there is edge-water encroachment due to 
artesian flow or expansion of the water on decompression. 

Msselved gas or depletion érive occurs when gas coming out of solution 
in the of11, duc to reduction in reservoir pressurv, expands and displaces the 
reservolr fluids. 

Expanding gas-cap or segregation drive occurs when, upon reductica of 
reservolr pressure, the expansion of the free gas in the ges-cep displaces the 
reservoir fluids lying below the gas~-oil interface in the reservoir. 
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li. STATSMENT OF THe PRODLE 


The void space in a producing petroleum reservoir io usually oceupled 
oy three components, (1) of1 and dissolved gas, (2) free gas end (3) water. 
As production of the reservoir proceeds, the space vacated by the produced 
fluids must be filled by elther expanding free gas or encroaching water, or 
beth. khile the volume of the void space recains constant during production, 
the volues of each of the components which cecuples that void space ia subject 
te change. The o11 and cissolved gas volume will docrease es production 
proceeds. If the criving mechanian producing the reservoir ie a cas drive and 
there is no water encroaching or being produced, the free cas volune will 
increase and the water voluze will remain constant. If the driving sechenisn 
is a weter drive, the water volume will increase ani the free ces volume 
will remain constant. If the driving mochanian is a combined water end ses 
drive, then both the water volume end the ges volume will increese. 

The purpose of this study ia to cevelop a visual representation of 
the performance of a petroleux reservoir by use of a trigonic graph, on which 
the per cant of the volume of ywoid space occupied by each of the three canponents 
is ahow at ony timo by e single point, and where a line plotted through 
successive points will indicate the tread of production of the reservoir. 

4n interpretation of the perforsaes of the reservoir can be made from 
the trigonic plot axi eae production program that will yield the optimum economic 
return then ean be planned. 







UA 


ee Views 6s Ure antec) cimeter oot mame ile of 
Fete OC) hee ty met) ea Devinn te Sie GET gee Sm ge 















LEO PTE Le LS Rh NT kd Ne ew el ll lel 
prom of oat Ue Am Ghats Gtk Agee et) Mk ty mater alt 
cothommere af cemmene COW aati cor vem i IN A 
Smee a AN Tiree oo ieee eee et Ey 
ee i i a oe ee 
a eo we es 
i oe ee ee 2 ree 
80 fe neo lee ee eee re air ee eee 
ie en oe ee ee 
oe hth mons lemin me tod em er Lee af 
eer mm, ab 4 8) nee 3) Sete emdinery o ly erie ow 
ST ett Me Ow Nie cm ObCT te amir Od) Se ae wer Ow 
Cet treks atl + rode unt retey ELQUdS 6 wy cole qm fe aeets 
Ae mmee) aes Le bom, b> mmrnt com etmatiod ify ahaioy SvCREECE 

or ee we ee es ee ee br ce dterreom st 
ee i ee ee ee ee oe] 
en me 


7 




















III. DEVELOPMENT OF THE TRIGONIC PLOT AS APPLIED TO THE RESERVOIR 
4. Advantages ani Dissivantaces of the Trigonic Plot 


in any situation or condition in which the aum of three variables, 
expresse! in the eame unite, comprises the whole, Lf the values for two of the 
verieblos are imown, the value of the third variable beconss imsediately ap- 
parent, sinee the son of the three must always equal unity or 100 per cent. 
This situation can be illustrated graphically by use of the trigenic plot. 
The trigenic greph is en equilateral triengle with each bese representing sero 
per cent and each apex representing 100 per cent of one of the three components. 
Any point within the trigen will indicate the portion of the whole or the 
perowntace thet each variable contriimtes to the whole. 

in the case of the petrolewn reservoir, the total pore volume of tho 
reservoir ig teken as the reference besis and represents 105 per cent. This 
pore volume may be secupled by any combination ef (1) of] and dissolved gas, 
(2) free gee and (3) water. When the degree of ocompancy by these threc 
components is expressed in terna of per cent saturation, the eum wild equal 
1) per cent. When the precentage saturation is related to and plotted on 
the trigonie graph, the decree of occupancy of all three components will be 
represonted by a single peint. 

The disadvantage of the trigonio plot isa that it gives relative and 
not actuel values. Additional caleulations are required to reduce actual 
values in toras of berrela and cubic feet to relative values in terms cf per 
cant of pore volume. Conversely, in enelysing and interpreting the triconic 
plot for production or economic purposes, the relative values in terme of per 
cent must be converted into actual values in teras of barrels end cubic feet. 
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6. 


B. Effect of Driving Mechenies on Ssturation 


There are three driving nechanisss that singly or in combination 
will expel the reservoir fluide from the reserveir inte the well: water 
drive, dlasolved gas drive, end expanding cas-cap drive, in the case of a 
water drive, the decrease in o11 end dissolved gas saturation is made up by 
a corresponding increase in water saturation. In the onse of @ cas crive, the 
decrease in the oi] end cdisacived gas saturation is mace up by a corresponding 
increase in the free gas saturation. For a combined weter and cas drive, the 
decrease in o11 and dissolved gas saturation is made up by an increase in beth 
the water scturation and the free gas caturation, the relative increase of each 
being proportional, te the relative magnitude of the driving fcrves. 

To present a trigonic illustration of the effects of driving sechenieana 
on the saturation of a reservoir, a theoretical reservoir has been asguned. 
Thia theoretical reserveir has the following original saturation comii tion: 

O42 amd Dissolved Gam Saturation - 65 per cent 

“ater (Conmate) Saturetiion ~ 20 per cant 

Free Gas (Gas Cap) Saturation ~ 15 per cent 
Point A on Sigure 1 represents the original seturation condition of this 
theoretical reservoir on a trigonic plot. 

1. Gas lirive 

There are two types of gas drive for producing « reservoir, epanding 
gae-cap, and dissolved gas drives, In the theoretical reservoir, asouning 
that no connate water is produead, the saturation pictuwe as the reservoir ia 
produced by a gaz drive will follew the line AD in figure 1. Thet is, es sach 
wit volume of of] aml disscived cas is produced or rewved fron the reservoir, 
the space cecupled by this unit volume will be Milled by free cas, the 
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7. 


additional free gsa require to ocoupy this space being suppliod olther by 
expansion of the gas-cap or by dissolved sea coming out of sclution in the 
reservoir, or by a combination of both. 

Let it be assened that the ol] and dissolved gas saturation is 
seduced from 65 per cent to 55 per cent by gas drive. If no water has been 
produced the water saturation reaaine at 20 per cent, Therefore, the free 
gee waturetion set have increased from 15 per cont te 25 per cent in orier 
to aceount for the total velune of the ragerweir, On the trigenic plot of 
this reservoir (figure 1), this new saturation comiition is represented by 
point bt, 

Tf 1¢ eo happens thet some of the original cennate water 19 produced 
or removed by the cas drive, then the line 49 would be displaced te the left 
te indents @ decrease in both the water saturation end the of] end dissolved 
ces saturation. 

2. Water orive 

if an ideal water drive situation is esguaed for the theoretical 
reservoir, there will be no pressure drop in the reservoir, no emaension of 
the gas-cap, ani no dissolved gas coming out of aclution in the o31. There« 
fore, the apace vacated by each wolume unit of reservoir o1i, with its 
dissolved ges wtill in solution, will be occupied hy an equal voluas unit of 
encroaching or driving water. The saturation picture as the resorvwoir is 
produced by the water drive will follow the Mine AD in Mgure 1. 

lat 1t be esgesed that the of] and dissolved vas seturation haa been 
reduced from 65 per cent to SO per cont by water drive. If the reservoir 
preseurs hae reasine’ unchanged, the fres cas (xas~cop) anturation renaine 
at 15 per cent. Therefore the water saturation meat have increased from 
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20 per cent to 35 per cent in order to account for the total volume of the 
repervoir. On the trigonic plot of this reservoir (figure 1) this new 
saturation condition io represented by point d‘. 

3. Combined Gas end Water Drive 

in the combined gas and water drive situation, the gas drive ia providai 
either by expansion of the gas-cap, or by expansion of the disselwed gaa coming 
oat of sclution or by both. If the magnitudes of the water and gas driving 
forces are equal, then for each unit volume of reservair o11 produced, the 
apece vacated by thig unit volume will, be half ocoupied by free gas of the 
expanding ges-cap and/or gee coming out of solution, and half occupied by 
encroaching or driving water, The saturation picture as the reservoir ie 
produced by this combined drive will follow the line AC in figure 1. The same 
seteration picture would hold if the gas drive energy came from the expanding 
gee-cap only, ami no gas came out of solution in the reservoir. 

Let it be aseumed that the of] andi dissolved ges saturation has 
been reduced from 65 per cent to 5 per cont by a combined drive where the 
water drive and the gas drive are equal, ‘Since the 20 per cent of the apace 
vacated by the produced of] and dissolved gas ie equally oseupied by free 
gas ond water, the saturation of onch is increased by 10 per cont. Therefore, 
the free gas suturation becomes 25 per cent and the water saturation becomes 
30 per cent. On the trigonto plot of thls reservoir (figure 1) this new 
saturation cendition is represented hy point c!, 

If, in @ combined drive situation, the mamitudes of the driving 
forces are not equal, then the sateration picture will vary preportionally as 
tha relative magnitude of the driving forces, If the magnitude of the water 
drive foree exeseds that of the gas drive, thea more oll and dissolved gas 
will be replaced by wator than by free cae, or the incruage in vater saturation 
wild be greater then the increase in free ges seturation. In this case, the 
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saturation picture would be represented on the trigoniec plot by a line lying 
between lines AC and AD in figure 1. The greater the displacement of reservoir 
oil by the water, the closer this line will approach the line AD, the situation 
of ideal water drive. Conversely, if the gaa drive force were to predominate, 
then the saturation line would lie between lines AC and AB in figure 1. 

From the foregoing discussion, it can be postulated that lines AB and 
AD represent respectively the limits for ideal gas drive and ideal water 
drive. in other words, when the change in saturation follows line Ab, the 
driving or displacing force ig due entirely to water drive. hen the change 
in saturation follows line 4B, the driving or displacing force is due entirely 
to gas drive. 
lh. Getermination of the Kagnitude of Driving Forces from the Trigonic Plot 

In the foregoing discussion, it has been established that the driving 
or displacing forces are limited by the ideal conditions represented by lines 
AB and AD, It ide apparent that any combination of gas and water drive will 
result in a saturation line falling between these two limits. It is also 
apparent that the position of this line with respect to the two limiting lines 
will be an indication of the relative magnitude of the two driving forces with 
respect to each other. 

in the case where the two driving forces are conaldered to be equal, 
reaulting in the saturation line AG, the two driving forces each displace an 
equal amount of reservoir o11. hen the aacunts displaced by each driving 
fores are considered as a ratio, a numerical indication of the magnitude of 
the driving forces results. In this cage, the ratio of reservoir ofl displaced 
by ges drive to reservoir ofl displaced by water drive will be 1/1. This ratic 
will be called the Digplacenent Index, 

The DCisplacenent Index may then be expressed as the ratio of the change 
of gas saturation to the change of vater saturation, that is: 

DI = de,/ds,, 
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Referring to figure 1 and the case where the driving forces are equal, 
point c', the gas saturation chances from 15 per sent to 25 ser cent and the 
water saturation changes from 20 per cont to 30 per cent, therefore: 

DI = (25 + 15)/(30 - 20) 
aif 


In the situation represented by point c", the gas saturation changes 
from 15 per cent to 35 per cent and the water saturation changes from 20 per 
cent to 25 per cent, therefore: 

DI = (35 ~ 15)/(25 = 20) 
2 4/1 

In the situation represented by point c"', the gas saturation chanzes 
from 15 per cent to 20 per cent, and the water saturation changes from 20 per 
cant to 40 per cent, therefore: 

DI = (20 = 15)/(40 ~ 20) 
= 41/4 

It is obvious, then, that a Displacement Index lese than 1/1 will 
indicate & predominant water drive, while a Displacement Index greater than 
1/l will indicate a predominant gas drive. 

In determining the Displacement Index from the change in saturation, 
it is necessary to take the different saturations in the proper vectorial 
direction, that is, the later saturation muat be deducted from the earlier 
saturation. A negative Displacezent Imlex will result when the free cas 
saturation is reduced by a water drive, or the water saturation is reduced by 


@ gas drive. 
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GC, Galeulation of Cata for the Trigonie Plet 


in order to obtain values for use on the trigonic plot, it is necessary 
to have production and laboratory data that will permit calculation of (1) 
oviginal saturation conditions of the virgin reservoir, and (2) saturation con- 
ditions at any tine, t, after production has started. 

The equations to be used in calowlating the original and sugequent 
saturation will be derived in the following paragrapha. The nomenclature used 
in those equations is as follows: 

Ve « total pore volume of reservoir, barrels. 

Yog * pore volume originally cecupied by ofl and dissolved gas, bbls. 

Vg = pore volume originally oceupied by free gas (gas-cap), bdbdle. 

Vy ~ pore volume originally occupied by water (connate), bbls. 

Yog ~ YVolune of reservoir, in barrels, oceupied by of] and dissolved 

gos after production to time t. 

% volume of reservoir, in barrels, occupied by free gas after 

production to time +. 

Ve - Volume of reservoir, in barrals, cccoupied by water after pro- 

duction to tine t. 

Sog - original oi] and dissolved gas saturation of reservoir. 

Sg « original free ges saturation of reservoir. 

Sy ~ original water ssturation of reservoir (041 and gas~cap tones). 

Sog ~ O11 and cissolved gas saturation st time t. 

&- ~ free gas saturation et tine t. 

Sy ~- water saturation at tine t. 

N « barrels of stock tenk ofl originally in place. 

no cumulative barrels of stock tank ofl produced to time t. 
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B «+ formation volume fector; the volume ocoupied in barrels in the 
reservoir at preesure P by one barrel of stock tank oll plus 
the gas that will diseslve in it at thet pressure. 

B, + original value of B, 

GO, - volusa, in SF, of dissolved gas and free gas initially in the 
reservoir, 

v -«- gas volume factor; the volume in barrels ceceupied in the reservoir 
at pressure P by one SCF ef gas. 

Yo - original value of v. 

disselved gas-oi1 ratio at ary pressure P; the number of 

SCF of ges in solution per barrel of stock tank oil. 

- original value of r. 

~ cumlative actual gas produced to time +, in SCF, 

~ Gumlative gas reinjected to time t, in SCF, 

~ @umulative net gas produced to time t, in SCF. Equal to Ry ~ Ry. 

~ Cumulative gross water encroachnent to tine t, in barrels. 

cumlative net water encroachment to tine t, in barrels. 

- cumulative gross water produced to time t, in barrels, 

- cumlative water injected to tine t, in barrels. 

~- cumlative not water produced to time t, in barrels, 

- yeservolr pressecre at any time t. 

original value of 7, 

Standard Gubde Feot: one cubic foot of gas at Standard 

Conditions of 60°F, ami 1h.7 psia. 
it should be pointed out that the total pore volume of the reservoir, 

Vz, is the pore volume originally oceupied by the connate water, by the oi] and 

dissolved gas, and by the free gas (gan-cap), and does not include any of the 

pore wolume of the reservoir sand that is occupied by water below the oil-water 
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interface. The original water saturation used in the trigonic plot is due 
to the connate water found in the o12 and zas~cap sones as determined by core 
aia, did. 

1. Oetermination of Oil and Dissolved Gas Saturation 

The volume of the reservoir originally occupied by of] and dissolved 
gaa is best determined from geological inferemtion, that is, the number of 
acre-feet of producing formetion containing of] and dissolved cas. The oil- 
gas interface and the cll-water interface in the reservelr must be known with 
reasonable accuracy. 

If V4 equals the total pore volume of the reservoir, V,, equals the 
pore volume originally oceupied by ofl and dlesolved gas, and 5, represents 
the per cent saturation by ofl and dissolved cas then: 

Sog @ Vog/Vy x 100 | 

The original volume of o41 end dissolved gas in place is also expressed 

in teras of barrels of stoek tank ofl amd the formation volume factor; sot 
Vong * My 

and: 
Sog ™ MB,/V4 x 100 
Ae production of the reservoir proceeds, 1 barrels (cumilative) of 
stock tank 011 are produced end measured under standard conditions of pressure 
and temperature at the surface. The asount of stock tank oil remaining in the 
reservoir is then (Hen) barrels, and the volume of o11 and diseolved gas under 
the new reservoir condition is expresaed as: 
Yog * (Neon )B 

and the saturation uxler the new conditions becomes: 
So, = (Han)B/¥, x 100 

2. Determination of Free Gas Saturation 

The volume of the reservoir originally cecupied by free gas in the 
gas-cap is also best determined from geological information in the sane menner 
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ae the volume of ofl and dissolved gas. Then, if V, equals the pore volume 
(in barrels) originally occupied by free ges end Sy represents the original per 
cent saturation by free zas: 
Sy * V¥y/¥y x 100 
In determining the free gag saturation as production of the reservoir 
proceeds, several factors must be considered. If the reservoir pressure has 
dropped to a value below the saturation pressure, gas in solution in the oil will 
evolve and becomes free gag. Some of this evolved freo gas will enter the gas- 
cap, some Will be produced, and some will remain in the oll sone in the free 
state, Sach barrel of reservoir of] entering the well will aleo contain dissolved 
gas that will be separated from the oil at the eurface. 
if all gas, free and dissolved, originally in the reservoir is con- 
vertec into a worume in cubic feet st standard conditions, then: 
Total gew (SCF) = Oy = ((¥y/v,)}lry) 
After li, cumulative standard cubic feet of gas have been produced, the volume 
ef gas remaining in the reeervoir will be: 
Remaining gas (SCF) = (04 ~ Rg) 

Of the gas remaining in the reservoir, r SCF are dissolved in each of the (N ~ n) 
barrels of oll remaining in the reservoir so the free gas remaining then will be: 
Free gas remaining (SCF) «= (G, « Ry « (N + n)r) 

If R, cumlative standard cubie feet of gas have been injected into the reservoir, 
then the free gas remaining in the reservoir aust bo increased by this amount, go: 
Free gas remeining (SCF) = (G, ~ Ry - (N - n)r + By) 

Rg and iy are frequently combined into a single value called the cumlative net 

gos produced, Ry. A, = By ~ By 
To reduce the free gas remaining froa SC? to barrels at reservoir pres- 
gure and temperature, the foregoing equation is multiplied by the gas volume 
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factor, v, corresponding te the reservoir pressure >. Then: 
P (bbl) = (G, - R, ~ (N = n)r)v 
The free gas saturation, under the new reservoir conditions, is then: 
°F fs x 100 
3. Determination of Kater Saturation 
In the establishment of the total pore volume of the recervwoir, it is 
considered that none of the pore space is initially occupied by encroached water. 
For thie reason, the oil-nwater interface should be located with reasonable ace 
euracye Tho amount of connate water occupying pore space in the ofl sone and 
gas-cap tone is determined from core anslysis and electric logs. The connate 
water saturation is then taken as the initial water saturation of the reservoir. 
It is considered necessary to include this connate water saturation in the cal- 
culations, since, if some of it is eventually produced, the decrease in water 
saturaticn must be reflected in the trigonic plot. On the other hand, if no 
connate water is ocroduced and water encroachment is later evident, the subse~- 
quent water saturation will be a value higher than the initial saturation which 
was due solely to the connate water. 
During production the degree cor amount of water encroachment canrot be 
readily measured. However, since by definition: 


s, * 8, + 4,5 per cent 


and 8 og ard 8 : can be calculated from production data, ft follows that: 


6, = 100 - (s,, + s,) 
Furthermore, when the values of Soe and 5, are plotted on the trigonic plot, 
the value of 8, is automatically established. 
The establishment of the water saturation, 8» as indicated above, is 
all that is necessary for the trigonic plot. However, if it is desired to 


determine the actual volume, in barrels, of the encroached water, the initial 
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and subsequent water saturations are used, since: 

Hy & (By Sy) Ty 
W, in this equation is the voluse of the cumlative net encroached water. To 
obtain the cumulative gross encroached water volume, the cumilative volume of 
any water produced must be added to W,, and the cumulative voluse of eny water 
injected must be deducted from Wy, so: | 

Wav, + Wg = wy 
or since: 

Wy ~ 4 = Wy, the cumulative net water produced, then: 

®t Wy + Up 

Values for the volume of encroached water ere usually calculated by 

uging the Schiltiwis material balance equation, or nodifications therecf, If 
such values are available they oan be used as a-.check on the water saturation 
obtained from the trigenie plot, since: 

a, = (Wy + W - w)/%, 





a 
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IV. TRIQOHAL INTERPRETATION OF ACTUAL BESERVOIRS 
Ae The Schuler Jones Send Pool 


1. General Deserlption and Production Histery 

The Sehuler Jones Sami Pool, discovered in September 1937, is loceted 
in west central Union County, Arkansas. The reservoir is en anticlinal type 
trap, approximately four miles long, cast and west, and cone and one-half miles 
wide, Maxiomm closure of the reservoir ie 135 feet. Average depth of production 
is 7,100 feet, with the gas-oll contact at -7,270 feet and the water-oll contact 
at -7,370 to -7,380 feet. 

The reservoir rock is composed cf fine to medium size sand graing end 
iz not uniferm, but consists of sandstone tones intergpersed with shale. The 
average porosity is 20.2 per cent and the averege permeability is 400 mil- 
lidareies, Connate water saturation fe 35 per cent, 

The original volume of the reservoir, sa determined from coring and 
electric logging, ig 15,000 acre-feet with approximately 150,000 ecre~feet of 
o11 sone and 1,00 acre-feet of gas-cap. 

The field was unitised in February 1911 end a gas injection progren was 
sterted in duly 1942. In dwWy 194) a water injection program wes sterted. From 
discovery until the etert of gas injection the Meld produced apprexizately 19 
million barrels of ofl with the reservoir pressure dropping from 3545 to 15),2 
pais. From the start of gas injection te March 1950, the field produced ap- 
proximately 30 million barrels of o1/1 with a drop in reservoir preseure from 
15k2 to 132 pale. Careful production and pressure recoris have been kept on 
thie field and material balance calculations indicate approximately 100 million 
barrels of stock tank oil originally in place in the reservoir. 
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Produced gas has been used exclusively for reinjection, except for a 
period in 191-195 when “make up" gas was imported. During thie perdod amore 
gos was injected then produced, which resulted in « decrease in the cuwmlative 
net gas produced for January and duly 19i5.72394 
2. Trigonie Plot of Schuler Jones Sand Pool 

Figure 2 is the trigonic plot for the Schulex Joes Send Pool and covers 
the period of production from discovery of the pool in September 1937 to March 
1950. Reservoir characteristics, fluid chsracteristics and production data used 
in calculating the velues for the triconic plot and these calculate! values are 
tabulated in Appendix I, 

3. Trigonal Interpretation of the Performance of the Schuler Jones Sand Pool 

Point A on figure 2 represents the original saturation comlition in the 
reservoir at time of discovery. This saturation condition was: 

O41 and diesolved gee saturation 63.3 per cent 
Free gas saturation 1.7 per cont 
| Water saturation 35.0 per cent 

Point 53 represents the saturation condition in January 1942, six mentha 
after gas injection was started. 1] and dlesolved gas saturation had dropped 
to 44.8 per cent, free gas saturation had inereased to 19.6 per cent, while 
water saturation had remained practically constant with a value of 35.6 per cent. 
Since the volume of the reservoir vacated by the produced of1 and dissolved gas 
had been occupied alsost solely by free gas, it is evident that the driving 
mochaniem producing the reservoir between pointe A and B was a gae drive. The 
line from 4 to B closely approximates the situation of an ideal gas drive. 

Point © represents the saturation condition at a time between March end 
September 197. Between points B and C, both water and free gas saturation 
incressed, indicating a combined water and gas drive as the aechenilem producing 
the reservoir. The trend of the line between points 3 and C indicates that 
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the gas drive is slightly predominant cover the water drive. The Sisplacenent 
Index for this interval of production is 1.2/1. 

Point D represents the saturetion condition in March 1950. Between 
pointe C and », the water saturation increased while the free gas saturation 
remained almost constant. This fact end the trend of the line between pointe ¢ 
and D indicate that an ideal water drive was the mechanian producing the reservoir. 
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B. The Magnolia Field Reynolds Line Pool 


1. General Deseription and Production History 

Engineering cate from the Bureau of Hines Repert of Investigations 3720 
(1943), end factual date from the Arkansas 011 and Ges Commission as given in 
Pirson? have been used for caleulating the values for a trigonic plot of the 
Magnolie Field Reynolds Lime Pool. 

The Magnolia Field Reynolds Lime Pool, discovered in March 1938, is 
located in Columbia County, Arkansas. The reservoir ig on a symmetrical anti- 
clinal fold, 6 miles long and 1 1/2 miles wide. Maximum closure of the reservoir 
is 321 fect. 

The reservoir rock is an o8litic limestone varying from a porous, highly 
permeable, sometimes cavernous oflite to dense, grenular limestone of low porosity 
and pernesbility. Average porosity is estimated at 16.82 per cent; and everage 
pormeability is 1,500 milidarcies. Comate water saturation is 20.0 per cent. 

The original volume of the reservoir is 419,550 acre-feet with 345,559 
acre-foet in the o11 zone and 7,000 acre feet in the gas-cap. 

From discovery until dune 1915, the reservoir had produced approxinately 
53 million barrels of o11 and 52 billion oubic feet of gas, with a drop in 
reservoir pressure from 3,180 to 2,618 paia. Volumetric calculations indicate 
that approximately 2): million berrels ef stock tank ofl were originally in place 
in the reservoir. 

2. Trigonie Plot of the Magnolia Field Reynolds Lime Pool 

Figure 3 ie the trigonic plot of the Magnolia Field Reynolds Lime Freol, 
and covers the period of production from discovery in March 1938 to June 1948. 
Reservoir characteristics, fluid characteristics and production data used in cal~ 
culating the values for the trigoniec plot and these calculated values are 
tabulated in Appendix II. 
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3. Trigonal interpretation of the verformance of the Magnolia Field Reynolds 
Lime Pool 

Point A on figure 3 represente the original saturation condition in the 

reservoir at time of digcovery. This saturation condition wae: 

O41 end dipsolved gas saturetion 65.9 per cent 

Pree gas saturation 1lk.l per cent 

Water saturation 20.0 per cent 
Point 2 represents the saturation condition at approximately June 191), almost 
six years after discovery of the reservoir, O11 end digeclived gas saturation 
had dropped to 54.6 per cent, free gas saturation had increased to 20.3 per cent, 
end water saturation had increased to 2):.9. The increase in beth the free gas 
and the water seturaticn indicato that « combined water and sas drive wes the 
driving mechanism producing the reservoir during this period. The trend of the 
line between pointe A and 0 further indicatesthat the zagnitude of the gas drive 
wes about equal to the magnitude of the water drive, The Jisplacement Index for 
this interval of production is 1.06/1. 

Point © represents the saturation condition on dune 30, 196. Between 
points 6 and © the water saturation increased while the free gas saturation 
remained almoat constant. This fact and the trend of the line between points 5 
end C indleatesthat a water drive, approaching the ideal, was the mechanisn 
producing the reservoir, Oisplacement Index for thia interval of production is 
1/10.k. 
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C, Comparison of the Perforsance of the Two Heservoirs 


The driving mechanism for the initial phese of production of the Sehuler 
Jones Sand Pool (line AB, figure 2) wes mainly a dissolved gas drive. This is 
also indicated by the appreciable drop in reservoir pressure during this phase. 
The driving mechanian for the second phase of production (line BC, figure 2) was 
& combined water ani gas drive, and for the third phase (line CD, figure 2) was 
a weter drive, 

The driving mechenian for the initial phase of production of the Magnolia 
Field Reynolda Lime fool (line Ab, figure 3) wee a combined vater and gas drive, 
and for the secend phesa (line BO, figure 3) was a water drive, The immediate 
driving offect of the water drive in the Magnolia Field Reynolda Line Pool would 
indicate « harder water drive, in thia pool, than in the Schtiler Jomes Sand Pool. 
The higher permeability and the exietence of cavernous spaces in the Reynolds 
limestone would act, in part, to assiet in the repic encroechment of driving water. 

During the combined water and gas drive phese ond the water drive phese, 
the performance of both reservoirs was remarkably similer. After the o11 and 
diagolved cas saturation had been deeresecd by 10 per cent te 12 per cent, by 
combined water and cas drive, the water drive tock corer as the driving nechanism 
producing the reservoir, This change-over from e combined drive to a water drive 
possibly is due to the increase in the water relative permeability thet accoman- 
ies the increase in water saturation. However, it must be pointed out that the 
water saturation indicated by the trigonie plot is not the water saturation 
throughout the entire reservoir. The water seturation in the portion of the oil 
sone invaded by water will be very high, while the water saturation in the un- 
invaded portion and the sas-can will be due to the connate weter only. It is the 
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high water relative permeability, resulting from the high water saturation in 


the invaded sone, that assiets in making the water drive predominate. 
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Ve. GISCUSSION 


While the trigonic plot will provide a means of interpreting the over-all 
performance of 4 producing petroleum reservoir, it has certain definite limni-~ 
tations, 

The primary limitation of the trigonic plot is that it will not dise 
tinguish of itself between a dissolved gas drive and an expanding gas-cap drive. 
This limitation applies to beth the ideal sas drive situation and to the gas 
drive portion of the combined water and gas drive situation. 

In using the trigenic plot, it must be kept constantly in sind that the 
saturations given by the plot are the gross saturations for the entire reservoir 
and are not the saturations in different parte of the reservoir. The trigonie 
plet does not reveal what portion <f the free gas is in the gagecap and what 
portion is in the oil gone in the free state. Sinilarly, the trigonic plot will 
not reveal how much of1 remains in that portion of the reservoir invaded by 
encroaching or driving water. This is particularly important since it is the 
ofl recovered that pays for the cost of production. 

In the dovelopment of the trigenic plot as a means of interpreting 
reservoir :erformance, a theoretical reservoir having free gas in a gasecap and 
a water crive was assumed. The actual reservoirs used for illustration also had 
gae-cape and water drives. The trigonic plot can be used for a reservoir that 
hes a water drive and no pas~cep, if, at any time during production, free gas is 
present in the reservoir. ‘here there ic no water drive, the saturation picture 
on the trigonic plet will follow the ideal gas drive line A3, figure l. 

It should aleo be pointed out that, in the final stages of primary re- 


covery, where the reservoir pressure is low, the water drive will produce or 
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expel free gas as well as oi] and disavolved gas. On the trigonic plot, this 
situation would result in a trend of saturation conditions indicating that the 
water drive ie exceeding the limit established for the ideal water drive. 

in respect te the residual ofl left by a water drive, it is of interest 
to note the results obtained in the laboratory by Holmgren® who used gas and 
water drives on a lieng core of Nellie Ely gandstone, and then measured the 
residual oil, Holegren concluded that: “Maintenance of initiel gas saturation 
by gae injection, together with an increase in water saturation by water input, 
regalts in lewer final oi] saturation." The effecte of froe ves saturation on 
oil recovery by water drive has been investigated by Holmgren and Morse’, using 
the long core of Nellie Bly sandstone. They conclude that: 

"The production of o11 ty water flooding can be substentially 

iniie ie hint alin fs Sha racemes 

the alteration cf oil relative permeabliity charecterietics ani 

the ocoupation by gas of pore space that would otherwise be filled 

with residual oii." 

If the foregoing conclusions are applied to the trigonle plot of the 
performanee of « reservoir, an indication of ultimate oil recovery can be obtained. 
That is, if the trigonic plot shows am appreciable free cas saturation during 
the water drive phase a higher ultimate recovery can be expected than if no free 
gas wore present. However, it must be venient that the free gas saturation 
given by the trigenic plot dees not distinguish between free gas in the gas-cap 
and free gas in the oil sone. 

it appeare then, that, in the cese of an established ective water drive, 
it might be desirable to insure the presence of free gas in the oil sone by 
gradual or periodic flash reduction of the reservoir pressure. This would have 
the same effect as sainteining, to a degree, a combined water and gas drive in 







the reservoir, 
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VI. GOMCLUSIONS 


It can be concluded that, within its limitations, the trigonic plot of 
the performance of a producing petrolewm reservoir wills 
(a) provide a visual representation of the material balance 
of the reservoir components; 
(b) indicate the nature of the driving mechanian producir 
the reservoir; 
(c) indicate the relative magnitudes of the two driving 
forces when a combined drive sechaniem ia producing 
the reservoirs 
(d) indleate the change from one driving mechanism to 
another; 
or, to summarize, will provide the means for making a trigonal interpretation of 


reservoir performance. 
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gabe I 
SCHULER JONES SARD POOL CHARACTERISTICS 


Reservoir Characteristics? 


Total Reservoir volune 154,000 acre-feet 
Original oil reservoir volume 150,000 ecre-feet 
Original volume 00o acre-feat 
Porosity (average) 0.2 per cent 
Connate water saturation 35.0 per cent 


Fluid Characteristics 













Original reservoir pressure 3548 pala. 

Original reservoir temperature 196°?. 

Original dissolved gas-oil ratio 770 cu. ft. per bbl. 
formation volume factor L.uS2 

Original cas volume factor 0.000825 


Equations fron literatures used for determining dissolved gas-o1l retis, 
formation volume factor and gas volume factor at any preseure ?, in lbs. 
per og. in. abs., above 300psia 
r * 0,033LP + 18.65 ou. ft./eu. ft. 
Bo 8.0 x 107? + 1,168 


vy = 0,068? ~ h in SOF of gee equivalent to one cubic foot of gas 
at reservoir conditions 


Volumes uced in caleulationa for trizgenic plet baged on volumetric calculation 
frem geolocic data 


Ve - Total pore volune of reservoir 2441.,340,000 barrels 
152,790,000 barreis 
4,080,000 barrels 


Bl; 570,000 barrels 
195,270,000 barrels 


85.96 billion Ue Lt. 











TABLE II 


PRODUCTION DATA“ AND SATURATION CALCULATIONS: SCHULER JONES SAND POOL 








SS rng (Non) BNIB, GRE Brgduced’ §—PAsgolved Gas (Nn) BT) Og ER Hendy (Gy-[RH(N-ne])¥ —Yg/Vp —-100-(sogs,) 
End of Month P; psia n; 10° bbl 10° bbl BS _20® bbl Sog; & feo” CF x: SCE/BEL = 10? sor O02 SSF _109 SCF v _= %gs_ 10° bbl = Sgh as ae oe 
September 1937 3548 -~ -- on - 63.3 wd 6 ae aaa ae a = 1.7 35.0 
July 1938 3153 2.818 102.45 1.420 = 145.8 60.3 2.59 695 71.20 73.79 12.17 0.00093 11.32 4.7 35.0 
Jamuary 1939 2813 6.030 99.2 1.393 138.2h af -3 5.87 631 62.62 68.49 by payhiy 0.00105 18.3), 7.6 35a 
July 1939 2533 8.751 96.52 1.371 132.33 a4. 8 9.22 579 55.89 65.10 20.85 0.00116 2h,.19 10.0 35.2 
January 190 2318 11.259 9.01 1.353 127.20 52.7 13.17 539 50.67 63 . 8h 222 0.00128 28.32 11.7 35a 
er 1910 | 1978 13.998 91.27 1.326 122.06 ° 18.63 L75 43.35 61.99 23.97 | 0.00151 36.20 15.0 34.8 
January 19) 1658 16.552 88.72 1.301 115.42 47.8 24.97 415 36.82 61.79 2h).17 | 0.00180 43.51 18.0 34.2 
July 1941 | 1542 19.006 86.26 1.291 111.36 4O.1 28.7) 39h ; 33.99 62.73 23.23 0.0019); 45.07 18.7 35.2 
January 19),2 152k 21.47) 83.80 1.290 108.10 Ly. 8 29.33 390 32.68 62.01 23.95 : 0.00197 17.18 19.6 35.6 
July 19)2 1510 23.722 81.55 1.289 105.12 43.6 29.79 388 32.6) 61.43 21.53 0.00199 118.81 20.2 36.2 
January 1943 1497 25.927 79. 3h 1.288 = 102.19 42.3 30.05 385 30.55 60.55 25.11 0.00201 51.07 21.3 36. 
July 1943 14,90 27.922 fies 1.287 99 55 41.3 30.21 38h 29.70 59.91 26.05 0.00202 52.62 21.8 36.9 
January 19h); 1496 29.810 75.46 1.288 97.19 40.3 30.26 385 29.05 Soma 26.65 0.00201 53.57 22.2 37.5 
July 194 1196 31.617 73.65 1.288 Ik . 86 39.3 30.48 385 28.35 58.83 27.13 0.00201 54.53 22.6 38.1 
January 19)5 1489 33.350 71.92 1.287 92.56 38.4 30.42 38h 27.62 58.03 o7nGa 0.00202 56.2 23.4 38.2 
July 19l5 1498 34.987 70.28 1.266 90.52 37.5 30.37 385 27 .06 57.43 28.53 0.00201 57.35 23.8 38.7 
March 1946 1,88 37.161 68.11 1.287 87.66 36.3 30.51 383° 26.09 56.60 29.36 0.00202 59.31 . 24.6 39.1 
August 19,6 149); 38.538 — 66.73 1.287 85.88 35.6 30.56 385 25.69 56.23 29.71 0.00201 59.92 2h.7 39a7 
March 19];7 171 10.432 6. 8h 1.286 83.38 34.6 30.85 380 2h 6) 55.9 30.47 0.00205 62 6 25.9 39.5 
September 1917 1461 42.06); 63.22 1.285 81.22 33.7 31.38 378 23.89 55.27 30.69 0.00206 63.22 26.2 0.1 
March 1948 145), 43.698 61.57 1.284 79.60 32.8 33.17 377 23.21 56.38 29.58 0.00207 61.23 25.) 41.8 
September 1918 7h 45.319 59.95 1.286 77.10 31.9 33.81 381 22.8) 56.65 29.32 0.0020) 59.81 2h.8 43.3 
March 199 1429 46.898 58.37 1.282 7h. 83 31.0 31.57 372 Dal 56.28 29.68 0.00211 62.62 25.9 43.1 
September 1919 1437 48.197 97.07 1.283 13.19 30-3 35.23 37h 21.3) 56.58 29.39 0.00210 61.72 25,3 bye 
March 1950 132 49 .L22 55 «86 1.283 71.67 29.7 35.30 373 20.8); 56.14 29.82 0.00210 62.63 25.9 ly .y 





TABLE TLL 
CALCULATED SATURATION VALURS USED FOR TREGOWIG PLOT OF 
SCHULER JONES SAKD FOOL 


fog Sz au 
September 1937 (initial) 63.3 1.7 35,0 
duly 1936 60.3 be 35.0 
January 1739 57.3 726 35.2 
duly 1939 5.8 10.0 35.2 
Jamary 191.0 52.7 11.7 35.6 
July 1940 50.2 15.0 34.8 
Jamery 19h] 47.8 18.0 34.2 
duly 1941 yb. 18.7 35.2 
January 1912 4h. 8 19.6 356 
duly 1942 43.6 20.2 36.2 
Jamary 1913 142.3 21.3 36.4 
July 1943 41.3 21..8 36.9 
January 19): 40.3 22,2 37.5 
duly 19k4 39.3 22.6 38.1 
January 1915 38h 23.4 38.2 
duly 1945 37.5 23.8 38.7 
Mareh 1946 36.3 24.6 39.1 
August, 196 35.6 24.7 3967 
March 1947 34.6 25.9 39.5 
September 1917 33.7 26.2 bO.d 
Hareh 191,8 32.8 25 0k, 41.6 
September 191: 31.3 24,28 43.3 
Mareh 1919 31.0 25 29 43.2 
September 1949 — 30.3 25.3 biel 
March 1950 2947 25.9 heh 
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TABLE IV 
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BAQHOLIA FIBLD REYNOLDS LIME POUL CHARACTERISTICS 


2, Fluid Characteristics” 


Original reservoir pressure 
Original reservoir temerature 
Original dissolved gaa-oil ratis 
Original formation volume facter 
Original gas voluse factor 











419,550 acre-feet 
345,550 acre-feet 
16.52 per cent 
20.00 per cent 


< cu. ft. per bbl 
0.000895 


3. Volwoes used in caleulations for trigonic plot based on volumetric 


calculations from geologic date 


Ve = Total pore volume of reservoir 
Veg ~ Pore volume originally occupied 
by of] and dissolved cas 
Ve = Foxe volume originally occupied by 
free gas in gas-cap 

Vw ~ Pore volums originally occupied 
by connate water 

§ -«- Steck tank of1 originally in 


place 
G, ~~ Uiseolved and free gas originally 
in place 





547,500,000 barrels 
360,700,000 barrels 
77,300,000 barrels 
109,500,000 barrels 
2h, 400,000 barrels 
295.3 billion ou. ft. 
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TABLE ¥ 


PRODUCTION DATA AND SATURATION CALCULATIONS: MAGNOLIA FIELD REYNOLDS LIME POOL | 












se eee ee «- 2) (N-a)B ((N - n)B/Ve ee are (N - n)r Gas Produced On ne 64-[Rgt(Nen) 2} (Gt-[R,+(N-n)rJ)v v,/¥ 100-(8,,+8,) 

Pypsia = _ng 108 we. bhlB 106 vol_ ogy * ry SCF/ob1_ = bbs ~107SCF_ = ag) ScP 109 scr , _=%g 108ml = =e hy OB 
3480 7 — —_ -- 65.9 -- a = - aa -- =~ 14.1 20.0 
3385 1.0 24,3.) 1.4.66 356.8 65.2 833 202.8 0.9 203.7 91.6 | 0.00091 83.4 15.2 19.6 
3303 (PA 236.9 1.458 345.8 Boel 81) 192.8 6.6 199.4 95.9 | 0.00093 89.2 20.6 
3190 14.8 229.6 1.446 332.0 60.6 788 180.9 Bint 194.0 LOS AS 0.00095 96.2 21.8 
3093 216 222.8 1.436 319 .¢ 58.4 766 iy 0 ay es. 189.8 105.5 | 0.00098 10300) 22.7 
3030 27.8 216.6 1.428 309.3 56.5 751 162.7 25.4 188.1 Toye 0.00100 107.2 23.9 
2975 a3.S 210.9 1.4423 300.1 54.8 738 155.6 31.2 186.8 108.5 0.00101 109.6 25.2 
2899 38.8 205.6 1.415 289.5 52.9 720 1h7 3 36.8 184.1 ieee 0.00103 14.5 26.2 
2883 43.6 200.8 1.123 283.7 51.8 717 1by.1 42.0 186.1 109.2 0.00103 112.5 7.7 
2850 18.3 196.1 1.410 276.5 50.5 710 139.2 87.2 186.) 108.9 0.0010) 113.3 28.8 
2818 52.8 191.6 1.407 269.6 49.2 702 134.5 52.2 186.7 108.6 0.00105 114.0 30.0 
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TABLE Vi 
CALGULATAD SATURATION VALUES USED FOR TRIGOMIC PLOT OF 
MAGNOLIA FIELD REYNOLDS LIME POOL 


Boz Bp by 
Mareh 1935 (initial) 65.9 Le2 20.6 
June 1939 65.2 15.2 19.6 
June 1940 — 63.2 16.3 20.6 
dune 19,2 6,6 17.6 21.8 
June 1912 53.4 18.9 22.7 
June 1913 56.5 19.6 23.69 
dune 19): 54.8 20.0 25.2 
June 1945 52.9 20.9 26,2 
dume 1946 51.8 20.5 2767 
June 19);7 $9.5 20.7 28,8 
June 1945 49.2 20.8 30.0 
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